Thermal emittance is a very important characteristic of cathodes. A carefully designed method of measuring the thermal emittance of secondary emission from diamond is presented. Comparison of possible schemes is carried out by simulation, and the most accessible and accurate method and values are chosen. Systematic errors can be controlled and maintained at small values, and are carefully evaluated. Aberration and limitations of all equipment are taken into account.
INTRODUCTION
The ultimate emittance of a laser-photocathode gun is given by the thermal emittance. As laser shaping techniques improve, this limit is becoming more important. The thermal emittance of positive electron affinity photocathodes in terms of the thermal electron energy is a large fraction of an electron volt, depending on the type of photocathode. The diamond amplified photocathode [1] [2] provides a high gain [3] and robust performance. In addition, being a negative electron affinity (NEA) cathode, it promises to deliver a very small thermal emittance. Theoretical expectations as well as measurements in the reflection mode point towards a temperature less than 0.1eV. This was never measured in a transmission mode. Therefore the aim of this work is to measure the thermal emittance of hydrogenated NEA diamond.
The thermal energy of the secondary emission beam depends on the characteristic of the diamond sample, the properties of the hydrogenated surface and the electric field in the diamond, and yet it is expected that the thermal energy is not a strong function of the field. The measurement system should have the ability to measure this small emittance.
The design is shown in Figure 1 . The beam coming out of the diamond NEA surface is accelerated towards an anode. The anode has a small hole, to collimate an output beam. The output beam is focused on a screen by a solenoid. The main idea of the measurement is to compensate the strong linear defocusing effect at the anode by applying a linear focusing lens and measure the waist spot size downstream. The waist spot size is only a function of the thermal emittance and is less affected by the other components. Therefore we can compare the measurement with simulation. It can also be calibrated with known thermal emittance electron source such as a thermal cathode. 
METHODS
Common to all possible focusing schemes for thermal energy measurement is the application of a small aperture on the anode plate to limit the beam size, such that the beam size after a drift distance is measurable. In addition, the field applied for acceleration is constrained by the need to obtain a good gain in the diamond amplifier. The schematic layout of the cathode and anode is shown in Figure 2 . 
LIMITATIONS
The aperture in the anode applies a defocusing force on the electron beam, which is mainly a linear force with a small component of nonlinear aberration. A larger aperture will lead to a stronger aberration, and will cause increase in the beam spot size on the screen. Space charge is another issue in increasing the spot size. A small aperture in the anode also leads to a lower current with smaller space charge effect, increasing the accuracy of the measurement. On the other hand this will make the The upper limit of the aperture and current is determined by leading to a small change in the spot size. From the simulation above, an aperture radius of 100μm and a current of 10μA are chosen.
COMPARISON OF LENSES
The criterion of choosing the focusing lens is the growth rate in beam waist spot size with respect to thermal energy of the cathode. A large growth rate as a function of temperature will minimize the system errors. Results from simulation of different kinds of focusing lenses are shown in Figure 4 and Figure 5 . All curves in both plots are simulated with same distance from anode to lens (2cm) and from lens to screen (25.5cm) for comparison. In both plots, the solenoid has a faster growth rate compared to other lenses. In Figure 4 , 0.5cm aperture Einzel lens growth rate is comparable with solenoid, but the nonlinear effect due to small aperture is significant, and this will result large system error for spot size measurement. The simulation also shows that the closer the lens is to the anode and the further is the screen location, the better is the resolution. 
SHIELDING
All components in the measurement setup have low permeability. Shielding the solenoid is very important to prevent a magnetic force on the electrons during acceleration, which will reduce the resolution. Figure 6 shows the performance of a solenoid with and without shielding, and compares with hard edge field. Shielding material of 1mm thick with relative permeability μ r~2 0,000 around the solenoid coil will decrease the magnetic field at the anode to <1.5Gauss. Solenoid without shielding gives the worst resolution (green), while the resolution of solenoid with shielding of μ r =20,000 (blue) is comparable with hard edge ideal case (red).
ALIGNMENT
The setup design is based on highly accurate alignment of the anode pinhole and the solenoid center axis. It is very important to have the secondary electron beam, after passing through the anode pinhole, symmetrically distributed around the solenoid center axis in transverse direction. This avoids the distortion of the waist spot on the screen.
During the alignment, a laser beam is passed through the system downstream of the electron path. Along the laser path, the anode pinhole and three additional 250μm diameter pinholes are used to conduct the alignment. Two are mounted on the center of the flanges at each end of the system. The third is located at the center of the start point of the solenoid field. With the laser beam passing all four pinholes, the offset of secondary electron beam away from the solenoid center axis is kept smaller than 150μm. This procedure also insures that the solenoid axis is perpendicular to the anode surface, and the tilt angle can be controlled to better than 5mrad. Figure 7 shows the simulation of the beam waist FWHM change due to different offset of the electron beam for 0.1eV thermal energy. Thus the error caused by offset after alignment should be a very small value. A quadrupole lens may be added to the drift section for additional correction so as to lower the error even more.
CONCLUSION
With the design of the solenoid lens based measurement system shown in Figure 1 and the calibrated simulation plot of FWHM waist spot size vs. thermal energy, a CCD camera with pixel size ~5μm should be able to analyze the beam waist spot size down to 50μm diameter. Thus, we should be able to determine the thermal energy of diamond secondary emission to about 0.01eV.
Careful alignment and shielding is very important in minimizing the systematic error.
The limit of thermal energy measurement from aberration of aperture of anode and space charge effect is 100μm in radius and 10μA for secondary electrons respectively.
By changing the focusing strength of lens, the waist of electron beam will be imaged on screen at a specific location. For good resolution, lens should be as close to the anode as possible, and the screen should be relatively far away from the lens.
